Spontaneous network activity shapes emerging neuronal circuits during early brain development, however how neuromodulation influences this activity is not fully understood.
Introduction
In the developing brain, neuronal connections form with remarkable precision. First, axons grow to predetermined target areas guided by molecular cues. Subsequently, activitydependent processes refine synaptic connections [1] [2] [3] : already before the senses become active, spontaneous activity drives synaptic refinement to prepare the brain for interacting with the outside world. Finally, circuits adapt to the prevalent environmental conditions through sensory experience-driven plasticity mechanisms.
Spontaneous activity is expressed in specific patterns and these patterns are crucial for the appropriate wiring of neurons. For example, in the developing retina, waves of spontaneous activity travel at specific speeds, in various directions and with different wave front shapes 4, 5 .
Retinal waves drive highly structured activity patterns in the central visual system including the primary visual cortex [6] [7] [8] . Perturbing these activity patterns leads to miswiring of the central visual system [9] [10] [11] .
In the adult, neuronal responses triggered by sensory stimuli are not uniform for a given stimulus, but vary depending on the internal state of an animal. Neuromodulators adapt neuronal circuits to the behavioral state of an animal to respond appropriately to stimuli when internal or environmental conditions change [12] [13] [14] . A powerful neuromodulator, oxytocin, can alter sensory perception depending on the internal state of an animal. In the mature brain, oxytocin enhances spike fidelity and reduces noise in the hippocampus 15 , increases the sensitivity of auditory cortex neurons to pup calls 16 , regulates sexual behavior in female mice 17 and dampens fear responses by modulating neuronal activity in the amygdala 18 . Oxytocin mediates many of these effects by tuning inhibitory synaptic function or interneuron excitability.
Although, oxytocin exerts powerful behavioral control in adult animals, oxytocin levels and oxytocin receptor expression are actually higher in the developing neocortex compared to the adult neocortex. Oxytocin levels in the neocortex peak during the first postnatal week and decrease until the end of the third postnatal week when they reach adult levels 19 . Similarly, oxytocin receptor ligand binding, immunolabeling and mRNA expression in the cortex and other brain areas are maximal during the second postnatal week and decrease thereafter 19-4 21 . In line with its high expression levels oxytocin controls synaptic transmission in the developing cortex. For example, oxytocin triggers a temporary switch of GABA receptor action from excitatory to inhibitory to protect neurons against the risk of excitatory toxicity during birth by altering intracellular chloride concentrations 22, 23 . In addition, oxytocin is required for cross-modal experience-driven synaptic plasticity during the first two weeks of life 19 .
However, it has been unclear whether spontaneous activity patterns, which drive synaptic plasticity before experience-driven refinement occurs 24 , are regulated by oxytocin as well.
Here, we asked whether oxytocin signaling shapes neuronal activity patterns in the primary visual cortex (V1) before the eyes open during the second postnatal week and compared it with its role in the primary somatosensory cortex (S1) which is already used for passive sensing at this age. We found that oxytocin affected these sensory cortices differentially: in the visual cortex oxytocin modulated the frequency and correlation of spontaneous activity patterns strongly, but it did not change spontaneous activity patterns in S1. We found corresponding differences in oxytocin modulation of excitatory and inhibitory synaptic activity in V1 and S1.
Finally, we provide evidence that oxytocin-mediated activation of somatostatin expressing (SST) interneurons controls specific characteristics of spontaneous activity patterns in V1 known to determine the refinement of synaptic connections in the visual cortex prior to eye opening.
Results

Oxytocin modulates cortical spontaneous network activity differentially across sensory areas
To study the role of the neuromodulator oxytocin in the developing cortex, we first asked whether oxytocin receptor activation modulates large-scale spontaneous activity patterns.
We used in utero electroporation to express the calcium sensor GCaMP6s in layer 2/3 pyramidal cells across V1, higher visual areas and the barrel cortex. Then we performed widefield in vivo calcium imaging in lightly anesthetized pups between postnatal days (P) 9 and 13. a. Wide-field calcium imaging of spontaneous activity in V1 and S1 before eye opening. Left, single frame images depicting network events activating V1 and/or S1 during baseline recordings before oxytocin application. Right, network events after oxytocin (Oxt) application. b. Traces show fluorescent changes in V1 and S1 before and after oxytocin application.
c. Superimposition of all network events detected during a five-minute baseline recording (left) and after oxytocin application (right). Color code indicates the frequency of the detected events. V1 activity is strongly reduced.
d. Network event frequency in V1 and S1 during baseline and after oxytocin application. Time courses represent five minute-averages. The horizontal bars above the line plots indicate the time points when the values for each time bin differed significantly from baseline (dark shades, paired two-tailed t-test, p < 0.05, without multi-measurement correction). *p = 0.0156 (n = 7 animals, Wilcoxon test). modestly changed in S1 ( Fig. 1a-c) . In fact, the response of both areas differed significantly (V1: -43.2 ± 7.2%; S1: -7.9 ± 6.1%; p = 0.0024; n = 7, unpaired two-tailed t-test). The activity decrease in V1 was very pronounced during the first 10 minutes after oxytocin application and reduced, but still significant, thereafter ( Fig. 1d , last 20 minute recording, p = 0.0156; paired two-tailed Wilcoxon test). Network event area, amplitude or duration were not affected ( Fig.   1e -g).
Oxytocin desynchronizes spontaneous V1 network activity
To evaluate how oxytocin modulates the activity of individual neurons in the developing cortical network we performed in vivo two-photon calcium imaging in V1 of anesthetized neonatal mice. Layer 2/3 cells were labeled with the calcium indicator Oregon Green BAPTA-1 (OGB-1) by bolus loading 25 . Oxytocin application decreased the frequency of calcium events transiently ( Fig. 2a -c) without affecting their amplitude ( Fig. 2d ), in line with our wide-field experiments.
Since the correlational structure of spontaneous network activity determines its role in network refinement 26 , we also investigated whether oxytocin affected the pairwise correlations between spontaneously active neurons. We observed that oxytocin application decreased the mean Pearson correlation coefficients across pairs of neurons ( Fig. 3a, b ). In control experiments, where we applied cortex buffer without oxytocin, correlations were unaffected ( Fig. 3a, b ). Next, we explored in more detail the correlations across the entire population of neurons and their changes after oxytocin application. We plotted correlations for all experiments during baseline against the correlations after oxytocin or cortex buffer application ( Fig. 3c, d ). We observed that oxytocin, but not cortex buffer applications, strongly decreased correlations across the entire population. There were essentially no neuronal pairs that showed increased correlations and the initial correlations did not appear to predict the oxytocin effect ( Fig. 3c ). Finally, we analyzed whether the distance between neurons determined the oxytocin effect and found that the oxytocin-mediated decrease in correlation increased with interneuronal distance (Fig. 3e , f), possibly reflecting increased lateral inhibition via SST + interneurons (see below 27, 28 ). c. Network event frequency during baseline and after oxytocin application. Imaging resumed approximately 10 minutes after oxytocin application. The frequency of network events was reduced after oxytocin application. The horizontal bar indicates significant deviations from baseline as in Figure 1 (dark shades, paired two-tailed t-test, p < 0.05, without multi-measurement correction). *p = 0.0154 (n = 8, paired two-tailed t-test).
d. Network event amplitude during baseline and after oxytocin application. b. Mean correlations after oxytocin or cortex buffer control applications. **p = 0.003 (n = 7 for oxytocin, n = 6 for cortex buffer, paired two-tailed t-test). Together, these findings demonstrated that oxytocin receptor activation modulates spontaneous activity patterns in a highly specific manner, since oxytocin affects spontaneous network activity in the visual, but not the somatosensory cortex. In addition, the frequency and the correlation of network events are specifically reduced after oxytocin application, leaving amplitude and duration unaffected.
Oxytocin affects the E/I ratio differentially across sensory areas
To investigate whether the differential modulation of V1 and S1 by oxytocin can be explained by differences in the distribution of the oxytocin receptor in these areas, we used RNAscope to detect Oxtr, Scl17a7 (coding for VGLUT1) and Gad1 mRNA in the cortex at P10. We found that Oxtr is expressed in V1 as well as in S1 ( Fig. 4 ). However, in V1 Oxtr co-localized almost exclusively with the Gad1 signal ( Fig. 4b , c), whereas in S1, the Oxtr signal co-localized with both the VGLUT1 and Gad1 signal ( Fig. 4e , f). These observations suggested that differences between V1 and S1 in oxytocin receptor expression on the cellular level could explain oxytocin's differential effect in these areas. To test this idea we examined how oxytocin regulated excitatory and inhibitory synaptic function in V1 and S1. Whole-cell patch-clamp recordings of layer 2/3 pyramidal neurons in slices from V1 showed that oxytocin affected neither the frequency (Fig. 5a, b ) nor the amplitude of spontaneous excitatory postsynaptic currents (sEPSCs; Fig. 5c ). Next, we measured spontaneous inhibitory postsynaptic currents (sIPSCs) at the reversal potential of glutamate receptor mediated currents. We found that the frequency of sIPSCs, in contrast to that of sEPSCs, was strongly increased after oxytocin bath application ( Fig. 5d, e ). The amplitude of sIPSCs was unaffected ( Fig. 5f ). To test whether this increase in frequency was mediated by the specific activation of the oxytocin and not the vasopressin 1A receptor 29 , which can be activated by oxytocin as well 30 , we blocked the oxytocin receptor using its specific antagonist OTA 31 . OTA prevented the oxytocin-mediated increase in sIPSC frequency entirely ( Supplementary Fig. 1 , fold-change oxytocin only: 4.95 ± 1.53; fold-change oxytocin + OTA: 0.98 ± 0.32, p = 0.0121, unpaired two-tailed Mann-Whitney test), demonstrating that this effect was mediated by the oxytocin receptor. Thus, activation of the oxytocin receptor increased the inhibitory tone in V1 dramatically, but did not affect excitatory synaptic transmission. b. Frequency of sEPSCs before, during and after oxytocin application. In the visual cortex, oxytocin did not affect EPSC frequency. p > 0.5 (n = 7 cells, paired two-tailed t-test).
c. Oxytocin did not affect sEPSC amplitude. p > 0.5 (n = 7 cells, paired two-tailed t-test).
d. Spontaneous inhibitory postsynaptic currents (sIPSCs) before and after oxytocin application.
e. Oxytocin led to a strong increase in sIPSCs. ****p = 8.21*10 -5 (n = 8, paired two-tailed t-test).
f. Oxytocin did not affect the amplitude of sIPSCs. p > 0.5 (n = 8 cells, paired two-tailed t-test).
g. In the visual cortex, oxytocin led to a 5 times increase of sIPSCs, but sEPSCs were unaffected. ***p = 0.0003 (n = 7 and n = 8 cells for V1 sEPSCs and sIPSCs, respectively, Mann-Whitney test).
h. Voltage-clamp recordings of sEPSCs before and after oxytocin bath application in somatosensory cortex slices.
i. Application of oxytocin increased the frequency of sEPSCs in the somatosensory cortex slightly. **p = 0.0014 (n = 7, paired two-tailed t-test).
j. Oxytocin did not affect the amplitude of sEPSCs. p > 0.5 (n = 7 cells, paired two-tailed t-test).
k. sIPSCs before and after oxytocin application.
l. Oxytocin led to a transient increase in sIPSCs. **p = 0.002 (n=8, paired two-tailed t-test).
m. Oxytocin did not affect the amplitude of sIPSCs. p > 0.5 (n = 8 cells, paired two-tailed t-test).
n. In the somatosensory cortex, oxytocin led to similar increases in sIPSC and sEPSC frequency. p = 0.1079 (n = 7 and n = 8 cells for S1 sEPSCs and sIPSCs, respectively, unpaired two-tailed t-test). In contrast to V1, in S1 oxytocin bath application increased sEPSC frequency in layer 2/3 pyramidal cells ( Fig. 5h , i). Again, sEPSC amplitude was unaffected (Fig. 5j ). The frequency of sIPSCs was increased, but less pronounced than in V1 ( Fig. 5k , l); amplitudes were unaffected ( Fig. 5m ). Thus, oxytocin shifted the E/I ratio in V1 towards inhibition ( Fig. 5g , p < 0.001, twoways ANOVA test), but did not affect E/I significantly in S1 (Fig. 5n) . These experiments suggested that differences in the magnitude of inhibitory versus excitatory synaptic activity modulation accounted for the differences in the effect of oxytocin on spontaneous network activity in V1 versus S1.
Oxytocin targets SST + interneurons in the developing V1
Since we observed that oxytocin shaped spontaneous activity patterns strongly in V1, but not in S1, we focused next on the cellular mechanism of oxytocin mediated facilitation of inhibition in V1. First, we measured miniature IPSCs (mIPSCs) before and after oxytocin bath application and found that mIPSC frequency and amplitude were unaffected by oxytocin ( Fig. 6a-c ). This indicated that the number of inhibitory synapses, the density of postsynaptic receptors or changes in the presynaptic release machinery could not explain the increase in IPSC frequency described above.
To search for alternative causes of the increased inhibitory activity, we performed voltageclamp recordings in inhibitory interneurons. We used two mouse lines expressing TdTomato to target inhibitory neurons in general (GAD2-Cre;Rosa26-TdTomato) or somatostatin expressing interneurons specifically (SST-Cre;Rosa26-TdTomato). We focused on SST + interneurons for three reasons: first, RNA-seq data in adulthood showed that V1 oxytocin receptors are expressed primarily in SST + interneurons ( Supplementary Fig. 2a ; Tasic et al.,
2016, Allen Brain Atlas data portal: http://casestudies.brain-map.org/celltax) 32 . Second, we found here that already at P10 oxytocin receptor mRNA is expressed almost exclusively in SST + interneurons in layer 2/3 of V1 ( Fig. 6d ). Finally, when we calculated the rate of rise (amplitude/rise time) of V1 IPSCs (Fig. 5d ) we found that the rise rate was increased after oxytocin application ( Supplementary Fig. 2b ). Since the IPSC rise rate is larger for synapses that are located distally in the dendritic tree, this result indicated that oxytocin preferentially increased the activity of distal synapses. In fact, SST + interneurons, in comparison with PV interneurons, target more distal dendrites of pyramidal cells 33 . Considering this evidence, we c. The amplitude of mIPSCs was not affected by oxytocin. p > 0.5 (n = 7 cells, paired two-tailed t-test).
d. V1
Oxtr and Sst mRNA transcripts. Note the superposition of the two signals (arrow head).
e. Examples of voltage-clamp recordings at holding potential of -60 mV from a somatostatin (SST) expressing neuron (SST + , SST-Cre;Rosa26-TdTomato), an unlabeled neuron (SST -) and a GAD + neuron (GAD + , GAD-Cre; Rosa26-TdTomato) before and after oxytocin application. Oxytocin induced an inward current in the SST + neuron, but not in the unlabeled (most likely excitatory) neuron, nor in the GAD + neuron.
f. Group data of oxytocin-induced inward currents: SST + n= 17 cells, SST -n=7 cells and GAD + n = 7 cells. *p = 0.0214, **p = 0.0044. Kruskal-Wallis test, followed by a Dunn test.
g. Percentage of cells with oxytocin-induced inward currents. Almost all SST + neurons show oxytocin-mediated currents, but none of the SSTneurons and a fraction of GAD + cells.
h. Schematic representation of the experimental paradigm: pyramidal neurons in slices from a transgenic mouse expressing inhibitory DREADDs specifically in SST + interneurons (SST-Cre;Rosa26-Gi-hMD4i) were patched in voltage-clamp mode. Oxytocin was applied while SST + neuron activity was suppressed by CNO to test whether SST activation is required for the oxytocin induced increase in inhibitory synaptic activity.
i. Example recordings of sIPSCs in baseline condition, in the presence of CNO alone and after bath application of oxytocin in the presence of CNO.
j. Oxytocin did not increase sIPSC frequency in the presence of CNO. p > 0.05 (n = 12, one-way ANOVA). voltage-clamped SST + neurons at -60 mV and blocked NMDA, AMPA and GABAA receptor mediated currents using D-AP5, NBQX, and SR95531, respectively to prevent oxytocinmediated network effects. In this configuration, we recorded oxytocin-mediated inward currents in almost all SST + neurons (83%, amplitude: -27 ± 16 pA, Fig. 6e-g) . Oxytocin did not trigger inward currents in any of the SSTneurons in slices from the same SST-Cre;Rosa26-TdTomato mice. We concluded that oxytocin triggered depolarizing inward currents specifically in SST + interneurons. We observed oxytocin induced inward currents in 29% of all GAD + interneurons (Fig. 6g ), in line with the proportion of SST + neurons within the entire population of cortical interneurons 34 .
Together, these results indicated that oxytocin mediated the increase in inhibitory synaptic activity in V1 through activation of SST + interneurons. To test this idea directly, we asked whether specifically downregulating SST + interneurons might prevent the oxytocin-induced increase in overall inhibition (Fig. 6h ). We performed voltage-clamp recordings of layer 2/3 neurons in acute slices from V1 of transgenic neonatal mice where SST + interneurons expressed inhibitory designer receptors activated by designer drugs (iDREADDs, SSTCre;GiDreadd). Bath application of CNO, the activator of iDREADDs, did not affect the baseline frequency of sIPSCs ( Fig. 6i, j ), suggesting that SST + interneurons were only sparsely active in our slice preparation. We then applied oxytocin and found that it did not increase sIPSC frequency in the presence of CNO (Fig. 6i, j) in contrast to our previous results in slices from wild type mice ( Fig. 5e ; fold-change WT: 4.95 ± 1.53, DREADD: 0.95 ± 0.07; p < 0.0001;
Mann-Whitney test). Additional control experiments showed that oxytocin did increase the frequency of sIPSCs in neurons from iDREADD expressing animals in the absence of CNO ( Supplementary Fig. 3a-c) . These results showed that activation of SST + interneurons is required for the oxytocin-induced increase in inhibition.
Oxytocin enhances SST + neuron excitability
Our results suggested that oxytocin triggered inward currents in SST + interneurons ( Fig. 6e-g) and that oxytocin-dependent enhancement of SST + interneuron firing mediated its effect on network activity (Fig. 6h-j) . Therefore, we investigated next whether and how oxytocininduced inward currents enhanced SST + neuron firing. In current-clamp mode, we injected a constant current to set the membrane potential of V1 layer 2/3 SST + interneurons to -60 mV in the presence of the transmitter receptor blockers D-AP5, NBQX and SR95531. Then, we applied oxytocin while keeping the holding current constant. We observed that oxytocin induced a depolarization of 4.5 ± 0.4 mV (Fig. 7a) , which exhibited the same transient temporal profile as the sIPSC frequency increase shown in Fig. 5e . Current-clamp recordings (Fig. 7b) revealed an increase in the firing rate of SST + interneurons after oxytocin application (Fig. 7c ).
We further studied how oxytocin affected the action potential (AP) properties of SST + interneurons. Oxytocin (1) depolarized the AP threshold slightly (+1.1 ± 0.4 mV; Fig. 7d ), (2) increased the AP overshoot and amplitude (Fig. 7e , f, +2.01 ± 0.93 mV and +2.63 ± 0.78 mV, respectively), (3) broadened the AP width (+ 0.18 ± 0.03 ms at half-maximum; Fig. 7d , g) and (4) decreased the time required to generate an AP from the onset of current injection (-1.97 ± 0.32 ms; Fig. 7h ). In addition, oxytocin modulated AP kinetics as it decreased the maximal speed of voltage change (dV/dt; Fig. 7i, j) . Thus, oxytocin increased the firing capacity and AP properties of V1 layer 2/3 SST + neurons, most likely by depolarizing their resting membrane potential, as described for PV interneurons in the hippocampus 35 .
Oxytocin modulates spontaneous activity patterns activating SST + interneurons
Finally, we asked whether the oxytocin-mediated decrease in frequency of spontaneous network activity was the result of the activation of oxytocin receptors expressed in SST + interneurons in vivo. We specifically inactivated SST + interneurons by using a Cre-dependent inhibitory DREADD delivered by virus injections, which results in 80% of the SST + interneurons expressing the hM4Di-DREADD construct 28 . Bath application of clozapine in vitro reduced the excitability of SST + interneurons 28 , replicating previous findings that hM4Di-DREADD activation reduces the excitability of developing layer 2/3 neurons 36 . We performed in vivo wide-field calcium imaging to monitor spontaneous network activity in V1 and then activated the iDREADD receptor by injecting clozapine subcutaneously (Fig. 8a) . Five minutes after clozapine injection, oxytocin was applied topically (Fig. 8a, b ). In this condition oxytocin failed to decrease the frequency of spontaneous network events compared with oxytocin application alone (Fig. 8c , % of change clozapine + oxytocin: -18.1 ± 10.5; % of change oxytocin: -49.19 ± 6.2, p = 0.0231, unpaired two-tailed t-test). Area, amplitude and duration were not affected, either (Fig. 8d-f ). Thus, oxytocin can modulate spontaneous activity patterns by specifically activating SST + interneurons. a. Current-clamp recording in an SST + neuron before and after oxytocin bath application. Right, group data of SST + interneuron membrane potential in baseline and oxytocin conditions. n = 34 cells (****p = 4.739*10 -10 , paired two-tailed t-test).
b. Train of APs generated with a ramp protocol in current-clamp mode in baseline and oxytocin conditions. c. Instantaneous frequency versus current plot. ***p < 0.0001, two-ways ANOVA.
d. Left, single action potentials aligned to the peak in baseline and oxytocin conditions. Right, group data of AP threshold in baseline and oxytocin conditions. **p = 0.0096, paired two-tailed t-test.
e. AP overshoot. **p = 0.0032, paired two-tailed t-test.
f. AP amplitude. *p =0.0375, paired two-tailed t-test.
g. AP width. ****p = 1.833*10 -6 , paired two-tailed t-test.
h. Left, single action potential in response to a square current step in baseline and oxytocin conditions. The time required to elicit an action potential was strongly reduced in the presence of oxytocin. ****p = 8.91*10 -7 , paired two-tailed t-test.
i. Example action potential phase plot in baseline and oxytocin conditions. j. Maximal time derivative of membrane voltage in baseline and oxytocin conditions. *p = 0.0172, paired two-tailed t-test. 
Discussion
In adults, oxytocin is a potent modulator of brain activity and behavior; however, its role during development has been less well established. Oxytocin is already present in the neonatal cortex and expression of the oxytocin receptor in the neocortex peaks during the first weeks of life [19] [20] [21] . Here, we demonstrate that before eye opening, during the second postnatal week, oxytocin modulates specific characteristics of spontaneous activity patterns in the visual cortex: it selectively increases SST + interneuron excitability through activation of the oxytocin receptor and it sparsifies and decorrelates neuronal activity in V1 without affecting event amplitude, duration or spread across the cortex.
The effect of oxytocin receptor activation differs between sensory modalities
A large body of evidence suggests that care behaviors of the mother induce activation of hypothalamic neurons and release of oxytocin in the pup's brain; e.g. during mother-pup skinto-skin contact 37 , anogenital stimulation 38 or stroking stimuli 39 and most likely after milk suckling activity 40 . How oxytocin reaches the developing cortex is not entirely clear. It might be released within V1, since hypothalamic oxytocin neurons project to the cortex including V1, at least in adult mice 18, 21 . Alternatively, oxytocin may diffuse into the developing cortex after somatodendritic release from the hypothalamus into the third ventricle 19, 29, 40 . To fully disentangle how oxytocin reaches the developing cortex and to induce endogenous release, it will be required to adapt technical approaches currently available in adults 16, 18, 35 to neonatal animals.
Independently of the source of oxytocin, we find here that this neuropeptide strongly decreases spontaneous network activity in V1, while its effect on spontaneous network activity in S1 is comparably mild. The differences between oxytocin's effect on V1 and S1 network activity are consistent with differences in the cell-type expression of its receptor in these areas and their cellular responses to oxytocin. Oxytocin receptor mRNA expression colocalizes with the interneuron marker GAD1 in both V1 and S1, however its expression in excitatory neurons is higher in S1 than V1. Furthermore, oxytocin increases specifically inhibitory synaptic transmission in V1, but in S1 it results in a smaller and more balanced activation of both spontaneous inhibitory and excitatory currents. Thus, the specific effect of oxytocin on inhibitory signaling is most likely responsible for its effect on network activity patterns in V1. This conclusion is supported by our observation that the oxytocin receptor is transcribed and functional in SST + interneurons and that pharmacogenetic suppression of SST + neurons prevents the oxytocin-mediated decrease in network event frequency in vivo.
Oxytocin increases inhibitory transmission also in various regions of the adult brain mainly acting on PV interneurons (e.g. in the piriform cortex, paraventricular nucleus (PVN), central amygdala and hippocampus 15, 18, 21, 35, 41 ) or SST + interneurons (e.g. in the auditory and prefrontal cortex 16, 17 ).
The somatosensory system becomes responsive to sensory stimuli before the visual system.
While vibrissal stimulation can elicit behavioral activity in pups at P3 42 and their whiskers are necessary for nipple attachment to the mother and huddling by P5 42 , light-evoked responses are only present after P8 43 and regular vision starts with eye opening. Therefore, our finding that oxytocin increases inhibitory tone and sparsifies network activity in V1, but not S1, during the second postnatal week may be related to the fact that V1 is less mature than S1 at this age. Physical contact with other pups or the mother in the nest triggers release of oxytocin in neonatal mice [37] [38] [39] . Thus, processing touch-mediated inputs in S1 may be important for immediate behavioral responses or early learning processes. In contrast, V1 is not yet required for behavioral control. Therefore, one might speculate that for example during social interactions in the nest, touch causes oxytocin release to sharpen tactile neuronal and behavioral responses by suppressing V1 spontaneous activity and preventing its spill over into S1 44 .
SST + interneuron activation accounts for the oxytocin-mediated increase in V1 inhibitory transmission
In the presence of synaptic transmission blockers, oxytocin induces an inward current (when held at -60 mV) in almost all SST + interneurons and in a fraction of GAD + interneurons, demonstrating that it activates a specific interneuron population in V1. Moreover, oxytocinmediated depolarization of SST + interneurons increases the frequency of inhibitory synaptic inputs in pyramidal cells five-fold and this increase is abolished entirely by SST + interneuron inactivation. These observations are consistent with the presence of the oxytocin receptor mRNA in the young (Fig. 6d ) and adult visual cortex in SST + interneurons while it is hardly detected in other interneuron types, excitatory neurons or glia cells 32 . By contrast, in S1 both interneurons and excitatory neurons express the oxytocin receptor. Thus, the cellular distribution of the oxytocin receptor is brain region specific. Similar region-dependent differences in the cellular specificity of oxytocin receptor mediated responses have been observed in the hippocampus, where oxytocin receptors are activated in PV + interneurons and pyramidal cells in CA2, but only in PV + interneurons in CA1 15, 35 .
Our finding that oxytocin increases inhibitory function through SST + interneuron activation and decreases spontaneous activity during an important step in visual cortex development supports the idea that oxytocin modulation of inhibition facilitates the developmental progression across critical periods 45, 46 . During development, changes in the E/I balance are important, because they determine the opening or closure of critical periods, during which sensory pathways become sensitive to experience 47 . Furthermore, the maturation of inhibition may be required for decreasing spontaneous activity 48 and thereby increasing the relative importance of visually evoked activity. This relative increase in experience driven activity could initiate the critical period two weeks after eye opening 49 . Thus, oxytocin may be an important regulator of "phenotypic checkpoints" important for sensitive periods during postnatal development 50 .
Oxytocin desynchronizes the network in a structured manner
Imaging activity across large populations of layer 2/3 neurons, we observed that oxytocin decreases pairwise correlations between neurons. This decorrelation is mediated most likely by oxytocin-induced activation of SST + interneurons in agreement with previously published findings: activation of interneurons decreases neuronal correlations in general 51, 52 . More specifically, lateral inhibition, a role attributed to SST + interneurons, decorrelates spike trains 53 or stimulus-evoked patterns 54 and pharmacogenetic inactivation of SST + interneurons increases pairwise correlations during spontaneous network activity in the developing visual cortex 28 . Our analyses suggest that correlations are down-regulated in a spatially specific manner: correlation decreases are more pronounced between pairs of relatively distant neurons. Neuronal correlations and the spatial extent of spontaneous network activity patterns determine their effectiveness in refining synaptic connections in the visual system 11, 55, 26 . Therefore, the regulation of spatial correlations through oxytocin may be 13 necessary to shape spontaneous activity patterns to drive the refinement of synaptic connections and to prepare the emerging network optimally for computing visual inputs after eye opening. It might be tempting to speculate in this regard, that oxytocin contributes to improved visual acuity after tactile stimulation during development 56 .
During the second postnatal week, V1 activity patterns change from high correlation, high cellparticipation patterns towards sparser and less correlated activity. Sparsification of activity patterns has been shown to be largely pre-programmed [57] [58] [59] . Since oxytocin signaling ramps up during the second postnatal week and sparsifies activity patterns as discussed above, oxytocin, and potentially other neuromodulators, may drive the sparsification and decorrelation seen in spontaneous activity patterns towards the onset of sensation. In this regard, it is interesting to note that activity patterns in the fmr1 KO mouse, a model for the neurodevelopmental disorder fragile-X syndrome, show increased correlations in the developing somatosensory and visual cortices compared to wild-type littermates 60, 61 . In addition, atypical oxytocin signaling has been implicated as a risk factor for neurodevelopmental disorders [62] [63] [64] . Thus, oxytocin may be important for healthy brain development to specifically shape activity patterns for synaptic refinement by regulating SST + interneuron function.
Experimental procedures
Animals, in utero electroporation and surgery
All experimental procedures were approved by the institutional animal care and use committee of the Royal Netherlands Academy of Arts and Sciences. Neonatal C57BL/6J males and females from postnatal day 9 to 14 (P9-14) were used. In utero electroporation was performed as described previously 24 . Briefly, to perform calcium imaging of layer 2/3 pyramidal cells, GCaMP6s was cloned into pCAGGS (Addgene plasmid 40753 65 ) and used in combination with DsRed in pCAGGS for visualization (gift from Christiaan Levelt). Pups were in utero electroporated at embryonic day (E) 16.5 after injection of the GCaMP6s (2 µg/µl) and
DsRed (1 µg/µl) vectors into the ventricles. Electrode paddles were positioned to target the subventricular zone and 50 V pulses of 50 ms duration were applied.
For in vivo experiments, surgery for craniotomy was performed as described previously 7, 28 .
Briefly, pups were kept at 36-37 °C and anesthetized with 2% isoflurane and lidocaine was applied into the skin before neck muscle removal. A head bar was fixed above the V1/S1 region. Isoflurane was dropped to 0.7% before the imaging session. This lightly anesthetized state, which is characterized by rapid and shallow breathing and a relatively high heart rate, was maintained throughout the imaging session.
Virus injection
Virus injections were performed at P0-1. pAAV-hSyn-DIO-hM4D(Gi)-mCherry and pAAV-hSyn-GCaMP6 plasmids were kindly packaged by Fred De Winter as described previously 28 . Immediately after injection, pups were kept warm on a heating pad and placed back to their mother after they awoke from anesthesia.
Wide-field imaging
In utero electroporated or virus injected pups were used for calcium imaging of visual and somatosensory cortex. Calcium events were recorded with a Movable Objective Microscope (MOM, Sutter Instrument). Time-lapse recordings were acquired with a 4x objective (0.8 NA, Olympus) and blue light excitation from a Xenon Arc lamp (Lambda LS, Sutter Instrument Company). A CCD camera (Evolution QEi, QImaging) was controlled by custom-made LabVIEW (National Instruments) based software and images were acquired at a frame rate of 20 Hz.
Clozapine (Tocris) was injected subcutaneously (0.5 mg/kg) and oxytocin was applied five minutes after clozapine injection.
2-photon imaging
Bolus load of the calcium indicator Oregon Green 488 BAPTA-1 AM (OGB-1, Invitrogen) was performed as described 7 . Imaging was performed by using a two-photon microscope (MOM, For in vivo experiments, oxytocin (1 µM, Sigma) was diluted in cortex buffer solution 7 and applied topically at the craniotomy.
Image analysis
Images were analyzed off-line with custom-written algorithms in Matlab (The MathWorks) as described previously 24 . Briefly, all recordings of an experiment were drift and motion corrected and aligned with respect to the first recording. ΔF/F0 stacks were generated using a For wide-field calcium imaging experiments, pixels below threshold were reduced to zero. The threshold was picked as the bending point of the cumulative histogram of all pixel-values across time. Network events were defined as groups of at least 300 non-zero pixels that were connected in time and/or space. These events were re-thresholded with a new threshold (the original threshold + 1.5 times the standard deviation of all pixels in the event). This last step was added after comparing the results of the automatic detection and manual detection, to make sure the two were consistent. The remaining non-zero pixels were considered as active.
Patch-clamp experiments
Acute 300 µm coronal slices of the visual or somatosensory cortex were dissected between P9-P14. Pups were sacrificed by decapitation and their brains were immersed in ice-cold cutting solution (in mM): 2. 
Analysis of electrophysiological experiments
m/sIPSCs and sEPSCs were detected using an Igor-based tool SpAcAn (Igor Pro 7, WaveMetrics). Frequency timelines of postsynaptic currents were built by calculating the frequency of 50-or 90-second bins. The 20-80 % rise time was calculated for each IPSC event and the rise rate was determined as amplitude/rise time (pA/ms). Oxytocin-induced currents in GAD + and SST + interneurons were recorded at a holding potential of -60 mV (with junction potential correction) in the presence of 10 µM SR95531, 10 µM NBQX, 50 µM D-AP5 (Tocris).
Current-clamp recordings of SST + interneurons were performed using the same KGluconatebased intracellular solution and in the presence of the synaptic blockers mentioned above.
After breaking the seal, variable current injection was applied to keep the cells at -60 mV. The injected current was kept constant from the time of oxytocin wash-in. Excitability of SST + interneurons was assessed with a one-step ramp protocol, from -100 pA to 140 pA at a rate of 96 pA/second. Single action potentials (APs) were elicited by injecting moderate pulses of current (<1 nA, <15 ms). Changes in membrane potential upon oxytocin treatment were calculated as the voltage difference between the trace exhibiting the peak effect and the last trace of baseline condition. A minority of cells that did not exhibit a depolarization (6%) were discarded for subsequent analyses. A voltage timeline was built by calculating the baseline membrane potential of 45-second bins. For analysis of SST + interneuron excitability, the duration of the ramp was divided into 175-milisecond bins and the mean inter-spike interval (ISI) was calculated for each period bin. Then, the instantaneous frequency (ISI -1 ) was plotted against the mean current injected within the same bin. AP features were determined as follows: (1) overshoot was quantified as the amplitude of the AP above 0 mV. (2) Threshold was defined as the onset voltage with a slope greater than 50 mV/ms. (3) Amplitude was calculated as the voltage difference between the peak of the AP and its threshold. 
